In this issue of Neuron, Sü dhof and colleagues determine which of the eight Ca 2+ -binding synaptotagmin isoforms expressed in brain can support synchronous neurotransmitter release at mammalian CNS synapses. Unexpectedly, only three-synaptotagmin-1, -2, and -9-can serve as Ca 2+ sensors for fast transmission. Further characterization reveals the unique ability of each isoform to shape neurotransmission.
In 1967, Katz and Miledi proposed the ''calcium hypothesis,'' which states that Ca 2+ entry into the axon terminal is an essential component of the depolarization-release coupling process (Katz and Miledi, 1967) . With remarkable prescience, Katz and Miledi went on to suggest that ''calcium becomes involved in a reaction between specific molecules on the inner surface of the axon membrane and molecules on the surface of synaptic vesicles colliding with the membrane, thereby leading to the release of quantal packets of transmitter substance'' (Katz and Miledi, 1968 (Xu et al., 2007) . Although synaptotagmin-1 and -2 had been shown previously to function as Ca 2+ sensors, the addition of synaptotagmin-9, and the elimination of all other Ca 2+ -binding synaptotagmin isoforms found in the brain, comes as something of a surprise.
Synaptotagmin-1 was the first protein found to play an essential and selective role in triggering fast Ca 2+ -dependent neurotransmission -dependent interactions with phospholipids, such as those that make up the plasma membrane; and (4) Ca
2+
-dependent interactions with the SNARE complex, a key component of the exocytotic machinery comprised of synaptic vesicle and plasma membrane proteins (Chapman, 2002) . Mice lacking synaptotagmin-1 die at birth, but recordings from neurons cultured from synaptotagmin-1 null embryos revealed a selective deficit in fast evoked neurotransmitter release . The persistence of spontaneous neurotransmitter release in these cultures demonstrated that synaptotagmin-1 was not critical for vesicle fusion per se, and the persistence of asynchronous neurotransmitter release indicated that a second Ca 2+ sensor must regulate the slow component of evoked transmission. Structurefunction studies of synaptotagmin-1 strongly suggested that Ca 2+ -dependent interactions with both phospholipids and SNARE complexes were critical for its role as a fast Ca 2+ sensor (e.g., Fernandez-Chacon et al., 2001; Mackler et al., 2002; Stevens and Sullivan 2003; Rhee et al., 2005; Pang et al., 2006) , but the precise mechanism by which Ca 2+ -bound synaptotagmin-1 triggers vesicle fusion remains to be determined.
What about other members of the large family of related synaptotagmin isoforms? In addition to synaptotagmin-1, there are seven isoforms that bind Ca 2+ and are expressed in the brain: synaptotagmin-2, -3, -5, -6, -7, -9, and -10. Synaptotagmin-2 was previously identified as a Ca 2+ sensor with properties very similar to synaptotagmin-1 (Stevens and Sullivan, 2003; Pang et al., 2006) , but a role for the others in controlling release of neurotransmitter at CNS synapses has remained elusive until now. Biochemical studies, as well as experiments in nonneuronal cells, provided tantalizing evidence to suggest that at least some of these other isoforms might serve as Ca 2+ sensors, so Xu et al. (2007) heroically tested all for their ability to rescue fast synaptic transmission in cortical neurons derived from synaptotagmin-1 null mice. As anticipated, synaptotagmin-1 and -2 were able to restore fast transmission when expressed in synaptotagmin-1 null neurons. Of the remaining six isoforms, however, only synaptotagmin-9 was able to serve as a functional Ca 2+ sensor for fast synchronous transmitter release. This finding was unexpected, given that all of the isoforms tested share a complete conservation of Ca 2+ -coordinating residues within their two C2 domains, in addition to other biochemical features.
Detailed analysis of neurotransmitter release kinetics revealed that synaptotagmin-9-mediated transmission was significantly slower than synaptotagmin-1-mediated transmission, whereas synaptotagmin-2-mediated transmission was a bit faster than either (Xu et al., 2007) . Synaptotagmin-9-mediated release was also less sensitive to Ca 2+ than release mediated by either synaptotagmin-1 or -2, which had apparently identical Ca findings indicate that the speed and strength of transmission could be profoundly influenced by the specific identity of the Ca 2+ sensor or sensors controlling release at individual synapses. In light of this possibility, it is interesting to note that synaptotagmin-2 is the only fast Ca 2+ sensor expressed at the calyx of Held, one of the very fastest synapses in the brain (unpublished data cited in Xu et al., 2007) .
The expression patterns of synaptotagmin-1, -2, and -9 are unique, with overlapping distribution in some, but not all, brain regions (Ullrich et al., 1994; Pang et al., 2006; Xu et al., 2007) . Synaptotagmin-9 has the most restricted distribution, with expression largely limited to the limbic system and striatum (Xu et al., 2007) . Although all three isoforms can serve as Ca 2+ sensors for release in both excitatory and inhibitory neurons (Stevens and Sullivan, 2003; Xu et al., 2007) , the location of synaptotagmin-2 and -9 suggests that these isoforms may be preferentially expressed in inhibitory neurons, but confirmation awaits more detailed single-cell analysis. It also remains to be determined whether neurons expressing more than one isoform can selectively target individual isoforms to specific synapses, and whether different combinations of these isoforms colocalize at synapses under certain conditions. In any case, having three fast Ca 2+ sensors with different properties adds richness to the repertoire of release dynamics available to neurons in the brain.
One of the biggest questions raised by the identification of synaptotagmin-9 as a fast Ca 2+ sensor is how it can serve this function, given its unique binding properties. Earlier biochemical studies from the Sü dhof lab had shown that, in contrast to synaptotagmin-1 and -2, synaptotagmin-9 did not bind to SNARE complexes in either a Ca 2+ -dependent or Ca
-independent manner (Shin et al., 2004) . In addition, and again in contrast to synaptotagmin-1 and -2, the second of two C2 Ca 2+ binding domains in synaptotagmin-9 did not show Ca 2+ -dependent binding to phospholipids (Shin et al., 2004) . Given that Ca 2+ -dependent SNARE and phospholipid binding are the dominant mechanisms proposed to account for fast Ca 2+ sensor function (Fernandez-Chacon et al., 2001; Pang et al., 2006) , it is both perplexing and intriguing to contemplate how synaptotagmin-9 might be operating. Future structure-function and chimera studies should provide insight into this mystery, and they may force a reevaluation of the molecular interactions controlling fast neurotransmitter release. In addition to identifying three synaptotagmin isoforms that could serve as fast Ca 2+ sensors, Xu et al. (2007) eliminated five others, including synaptotagmin-7, which had been a particularly strong candidate based on studies using nonneuronal preparations. Discovering a function for these other brain-expressed, Ca 2+ -binding isoforms is an important problem for the future. Finally, the identity of the molecule serving as the slow Ca 2+ sensor controlling asynchronous transmission remains an enigma. Finding answers to these questions will keep synaptologists busy for years to come.
